Insertion and deletion (indel)-based analyses have great potential for rooting the tree of life, but their use has been limited because they require ubiquitous sequences that have not been horizontally/laterally transferred. Very few such sequences exist. Here we describe and demonstrate a new algorithm that can use nonubiquitous sequences for rooting. This algorithm, top-down indel rooting, uses the traditional logical framework of indel rooting, but by considering gene gains and losses in addition to indel gains and losses, it is able to analyze incomplete data sets. The method is demonstrated using theoretical examples and incomplete gene sets. In particular, it is applied to the well-studied Hsp70/MreB indel, a sequence set thought to have been compromised by gene transfers from Firmicutes to archaebacteria. By sequentially assigning all observable character states, including gene absences, to the questionable archaebacterial Hsp70 and MreB sequences, we demonstrate that this gene set robustly excludes the root of the tree of life from the Gram-negative, double-membrane prokaryotes independently of the archaeal character states. There are very few ubiquitous paralog gene sets, and most of them contain compromised data. The ability of top-down rooting to use incomplete and/or compromised gene sets promises to make rooting analyses more robust and to greatly increase the number of useful indel sets.
Introduction
Indel-based rooting analyses have tremendous potential for answering some of the most fundamental questions in evolutionary biology. One only has to look at the vigorous field of eukaryotic relationships to realize the importance of indel rooting. Among high-level eukaryotic taxa, one of the most trusted rooted sister group relationships consists of animals and fungi, the Opisthokonts, a relationship based on a 12 amino acid-long insert present in protein synthesis elongation factor 1a (Baldauf and Palmer 1993) . When indel relationships are strong, they can provide some of the best rooting information available.
Two significant obstacles have prevented the widespread use of indels for rooting in the past. First, very few universally present paralog gene sets are available for indel rooting, and second, many otherwise usable indel sets contain genes that may have been horizontally/laterally transferred, for example, the eukaryotic enolases (Harper and Keeling 2004) and the Hsp70 indel (Gupta 1998; Philippe et al. 1999) , making them potentially untrustworthy. These difficulties could have been circumvented if it were possible to use incomplete gene sets for rooting, but it was thought that ubiquitous gene sets were required for indel-based rooting (Rivera and Lake 1992; Philippe et al. 1999 ) because they were used for sequence-based rooting Iwabe et al. 1989; Brown and Doolittle 1995; Boucher et al. 2003; Zhaxybayeva et al. 2005 ). Here we show that ubiquitous genes are not necessarily required for indel rooting. Our algorithm, top-down rooting, mathematically analyzes both indel gains and losses and gene gains and losses. It treats gene losses and gains as an integral part of the evolutionary process, thereby permitting parsimony analyses even when genes are missing from 100% of a particular taxon. It frequently finds that incomplete gene sets contain useful rooting information.
We demonstrate this algorithm through examples, and then apply it to the Hsp70 heat shock protein indel. The interpretation of the Hsp70 indel has been controversial (Gupta 1999; Philippe et al. 1999) particularly because the Hsp70 gene is likely to have been transferred from the Firmicutes to the Archaea. We analyze the Hsp70/MreB paralog gene set and show that this set excludes the root of the tree of life from the double-membrane, Gram-negative prokaryotes for all possible indel, gene, and topological scenarios.
Theory
Indel rooting differs from sequence-based rooting in several ways. For example, in sequence analyses a single sequence set can root the tree of life, whereas indel rooting requires multiple indel-containing sets. In sequence analyses, phylogenetic trees are reconstructed from a pair of universal, paralogous genes, and the root is inferred from the location of the branch connecting the pair of paralogous gene trees (Dayhoff and Schwartz 1980; Iwabe et al. 1989; Brown and Doolittle 1995; Boucher et al. 2003; Zhaxybayeva et al. 2005) . In contrast, indel rooting does not provide the location of the root but rather excludes the root from portions of the tree. Thus, multiple indel sets must be analyzed to exclude the root from progressively larger regions of the tree, until ultimately only a single root remains.
Traditional indel rooting (Rivera and Lake 1992; Baldauf and Palmer 1993; Gupta 1998 ) uses paralogous aligned regions from 2 ubiquitous genes, referred to as paralog 1 and paralog 2. (We will use plenary to refer to genes present in all taxa in exactly 1 copy per genome; universal to refer to genes present in all taxa, but possibly in multiple copies; and ubiquitous to refer to genes present in almost all taxa, possibly in multiple copies.) In the simplest case, paralog 1 contains both character states of the indel, and paralog 2 contains the indel in only 1 form (Skophammer et al. 2006) . Whether the indel under analysis is recent (a synapomorphy) or ancient (a plesiomorphy) can only be decided by knowing whether it is present or absent in paralog 2. If it is absent in paralog 2, then the indel is recent, and the root is excluded from the group containing the indel, and if it is present in paralog 2, then the indel is ancient, and the root is tentatively permitted in the group containing the indel. Thus, analyses of indels present in paralogous gene pairs may be used to eliminate the root from particular regions of the tree.
A Theoretical Example
The logic of rooting differs in traditional indel-rooting analyses and in top-down indel-rooting analyses. Traditional indel-rooting analyses compare all possible rooted trees that relate ubiquitous paralogous taxa and calculate the minimum number of indel-state changes required for each root. Roots corresponding to the fewest indel changes are tentatively accepted, and roots corresponding to the most indel changes (the least parsimonious) are excluded.
Top-down indel analyses follow a similar pattern, with the differences noted in boldface. Top-down analyses compare all possible rooted trees that relate paralogous taxa, including taxa for which data are missing, and calculate the minimum number of indel-and gene-state changes. Roots corresponding to the fewest indel and gene changes are tentatively accepted, and roots corresponding to the most indel and gene changes (the least parsimonious) are excluded.
Traditional indel rooting is simpler than top-down rooting because it only examines indel-state changes between 2 states: indel present, ''1,'' and indel absent, ''À.'' In contrast, top-down rooting also analyzes genestate changes. In this case, the 2 possible gene states, gene present ''p'' and gene missing ''m,'' must also be considered. Thus, top-down rooting must simultaneously analyze 2 types of changes, indel and gene changes, that produce the observed character states. The observed character states are actually composite states that depend upon the indel state and the gene state. If a gene is present, then the observed composite state is ''1'' or ''À,'' but if the gene is missing then the observed state can only be ''m'' because without the gene one cannot know whether the indel is present or absent. This is mathematically analogous to genetic epistasis because a gene presence is required in order to determine the state of an indel. As a result, only 3 states are experimentally observable: ''1,'' ''À, '' and ''m.'' Simple examples can help explain top-down rooting. In our first example, shown in figure 1A , the ancestral character states are (''1,'' ''1,'' ''1'') for outgroup taxa (A, B, C), respectively, and (''1,'' ''1,'' ''À'') for ingroup taxa (A#, B#, C#), respectively. Because each group in figure 1A represents a higher-level phylogenetic taxon, the leaves of the 3-taxon unrooted trees are divided into 2 separate regions, a terminal portion of the leaf representing the diversity of organisms within the clade and an interior portion consisting of the branch leading to the clade. Hence for any 3-taxon tree representing diversified clades, there are 6 possible distinct roots, rather than the 3 roots that would be present if one were simply comparing 3 individual sequences. The 3 roots, labeled 1, 2, and 3 in figure 1 , are on the branches leading to groups A, B, and C, respectively, and the 3 roots, labeled 4, 5, and 6, are within groups A, B, and C, respectively. Thus, groups A, B, and C are shown as 2 lines in trees corresponding to roots 4, 5, and 6, representing the branching within their respective clades. The most parsimonious trees, see figure 1A , require only a single indel character-state change, shown as a black rectangle, except for root 6, which requires 2 indel character-state changes. Thus, root 6 is eliminated for character state B 5 ''1,'' as shown by the large ''X'' in figure 1A .
The result in figure 1A could have been obtained using traditional indel rooting, but the analysis shown in figure 1B can only be performed using top-down rooting. In this case, even though genes from taxon B are missing, denoted by character state ''m,'' root 6 is still eliminated. Three types of figure 1A and B, respectively. Solid rectangles represent an indel character-state change, outlined rectangles represent gene deletions, and vertically striped rectangles represent gene duplications. Indel-state changes, gene deletions, and gene duplications are weighted equally. The roots are numbered 1-6, as described in the text. Roots 1-5 are most parsimonious and correspond to 1 and 2 changes in figure 1 (A) and 1 (B), respectively. Root 5 is the least parsimonious, as indicated by the large Xs across the trees, and corresponds to 2 and 3 changes in figure 1 (A) and (B), respectively. In some cases alternative, but equally parsimonious, solutions for character-state changes exist (not shown).
operations can cause changes in figure 1B . These are indel character-state changes, gene deletions (open bars), and gene duplications (vertically striped bars). The 5 most parsimonious roots, 1-5, in figure 1B each require 2 changes, whereas root 6 requires 3 changes. Solutions for roots 1-4, and for 6, follow those obtained when taxon B is in character state ''1'' but use a gene deletion to remove the branch leading to B. Root 5, however, is novel because a second copy of Gene B is never created as an ortholog/paralog gene duplication occurs just prior to the speciation of taxa A and C. As in the previous case, only root 6 is eliminated.
The complete results for all 3 possible character states for Taxon B are summarized in table 1. Note that the parsimony counts shown in different columns do not necessarily exclude the same roots, but all 3 analyses exclude root 6. For example, when taxon B is in character state ''À,'' both roots 5 and 6 are excluded. But because root 5 is allowed by the other 2 character states, ''1'' and ''m,'' the possibility of a root at this position cannot be excluded, as shown by a Y in the fifth column (Root OK). Root 6, however, is excluded for all 3 possible character states, and hence, this data set rejects root 6 independently of the state of B. For an example of a second, more complex pattern that excludes the root from a larger region of the tree, see Supplementary Analyses and Data, Section S1, Supplementary Material online. A complete listing of all possible 3 taxon patterns and of the taxa they exclude is provided in Supplementary Analyses and Data, Section S2, Supplementary Material online.
Before applying the top-down algorithm to experimental data, we briefly consider how data might be coded in response to experimental uncertainties. In practice, 3 types of uncertainties need to be considered: 1) genes may be genuinely absent from some taxa, 2) genes may be present but have complex interpretations, or (3) gene sequences may be unavailable. Genes may be genuinely absent, as in 1, as a result of gene deletions or gene duplications (as in fig. 1B) . If so, they should be coded as missing, ''m.'' Data may have complex interpretations, as in 2, when lateral/horizontal gene transfers might have moved genes to taxa originally lacking them or when frequent indel character-state changes within a taxon have made the ancestral state unobservable. If gene transfers are suspected to be responsible for moving genes into a taxon that originally lacked them, data should be coded either as the experimentally observed state, say ''1'' (assuming no transfer), or as ''m'' (assuming the gene was transferred). In this case, a root would have to be excluded for both states ''1'' and ''m,'' in order to be reliably eliminated. Genes may be unavailable, as in 3, if genomes have not yet been sequenced. In this case, data should be coded in all 3 states, ''1,'' ''À,'' and ''m,'' and a particular root can be eliminated only if it is excluded for all 3. Thus, it is possible, in some circumstances, to eliminate a root even if no sequences are available from that taxon.
To illustrate how top-down rooting can be used to increase the reliability of indel analyses when gene transfers are present, we reanalyze the well-known and controversial heat shock protein Hsp70 indel and its outgroup protein MreB in the next section. A second example, illustrating how top-down rooting can be used when alignments are uncertain, reanalyzes an indel within protein synthesis factors EF-G and EF-Tu and is presented in the Supplementary Analyses and Sequence, Section S4, Supplementary Material online.
Increasing the Number and Reliability of Indel Analyses: A Case of Alternative Interpretations, Heat Shock Response Protein Hsp70
Protein Hsp70 is present in organisms that span the kingdoms of life. It contains 3 primary functional domains. The 1) N-terminal ATPase domain binds ATP and uses energy from this binding to drive conformational changes in a 2) substrate-binding domain, and 3) the C-terminal domain acts as a trap door to close the substrate-binding domain. Among its functions, Hsp70 can protect cells from thermal or oxidative stress and also participate in the disposal of damaged or defective proteins. The well-known Hsp70 indel is found in the N-terminal ATPase domain starting at, approximately, the amino acid position 80 in the Escherichia coli sequence. This indel has been used extensively in pioneering studies by Gupta and colleagues to investigate prokaryotic phylogeny ). These authors also utilized an ancient paralog of Hsp70, MreB (Gupta 1998) , making the Hsp70 indel potentially root informative.
However, the usefulness of this indel for rooting purposes has been questioned primarily due to lateral/horizontal gene transfers but also due to an uncertainty about the position and number of gaps (Philippe et al. 1999) . These authors point out that ''horizontal gene transfers confuse prokaryotic phylogenies based on the Hsp70 protein,'' and note that ''Hsp70 genes have only been characterized in 4 genera of euryarchaeota'' and could not be detected in some completely sequenced archaebacterial genomes. They suggest ''a recent origin of the known archaebacterial Hsp70 genes,'' and further suggest ''the archaebacterial Hsp70 genes have been acquired through horizontal gene transfer from Gram-positive eubacteria,'' in accord with the previous suggestion of others (Gogarten et al. 1996) . Furthermore, although not mentioned by these authors, we note that the distribution of MreB outgroup sequences in the archaebacteria is very patchy and its origins are also questionable. Thus, the Hsp70/MreB indel represents a challenging problem for top-down analysis. NOTE.-Parsimony scores are calculated for roots 1-6, left column, in the 3 taxon trees discussed in the first example. The character states (1, x, 1, 1, 1, À) correspond to taxa (A, B, C, A#, B#, C#), respectively, and the 6 possible root locations are labeled as in figure 1 , where x 5 ''1,'' ''À,'' or ''m.'' A root location is rejected, Root OK 5 N, only if all 3 separate analyses reject the root. Maximum scores for each column are printed in bold-faced type.
Before analyzing the Hsp70/MreB indel, we first determine the number and distribution of the indels found within proteins Hsp70 and MreB because additional distinct gaps within the MreB sequence that are absent in Hsp70 have been noted (Philippe et al. 1999) . We also consider the extent of gene transfer. Detailed analyses of these questions are presented in the Supplementary Analyses and Data section, Supplementary Material online, and summarized below.
Our studies identify 2 separate gaps, g2 and g3, that are present in MreB sequences but absent in Hsp70 sequences, in general agreement with Philippe (1999) . Both gaps occur demonstrably downstream from the primary Hsp70 insert, g1, present in Gram-negative eubacterial sequences, labeled Hsp À . The primary Hsp70 insert is absent in Grampositive eubacterial Hsp70 sequences, labeled Hsp 1 . It is also absent in all Gram-negative and Gram-positive eubacterial MreB sequences, MreB À and MreB 1 , respectively. Thus, for the purpose of these analyses, the primary Hsp70 indel is spatially and phylogenetically independent of the 2 subsidiary indels, g2 and g3 ( fig. 2) .
The principal obstacle preventing the analysis of the Hsp70 indel is that horizontal/lateral gene transfers from the Firmicutes may have been the source of the archaebacterial Hsp70 sequences, although the patchy distribution of the MreB gene in archaebacteria is also a concern. In order to circumvent these difficulties, we make no assumptions about the history of the archaeal genes and indels. Rather, we consider, in turn, all possible character states for both the archaebacterial Hsp70 and the MreB sequences and reject a particular root only if it is excluded for all possible character states and for all possible tree topologies. The resulting computations are fairly complex, involving several hundred alternative tree topologies, roots, and combinations of character states, but they allow us to test rigorously whether or not the Hsp70 indel excludes the root from within the double-membrane (Gram-negative) prokaryotes.
For this analysis, the relevant 4 prokaryotic groupings are the double-membrane (Gram-negative) eubacteria (D), the Archaea (R), the eubacterial Actinobacteria (A), and the eubacterial Firmicutes (F). Together these 4 groups include all known prokaryotic diversity (Boone and Castenholz 2001) . Because the Hsp70 insert is present only in the Gram-negative prokaryotes, the observed character states are (1, À, À, À) for ingroup taxa (D, R, A, F) and (À, À, À, À) for outgroup taxa (D#, R#, A#, F#), respectively. In view of the possible Hsp70 gene transfer to the Archaea, and the uncertainty of the archaeal MreB sequences, we consider each of the 3 possible character states, ''1,'' ''À,'' or ''m,'' for these 2 archaeal taxa. Because the character states are unknown for 2 taxa, nine, 3 2 , combinations of character states must be investigated. Because 4 taxa are being analyzed and the topology is unknown, 3 unrooted trees are possible, and each must be excluded for all possible character states. In Newick notation, the unrooted trees represented in figure 3 are the E tree, ((D, R),(A, F)), the F tree, ((D, A),(R, F)), and the G tree, ((D, F),(A, R)). Finally, each of the 9 distinct roots, numbered 1-9, must be evaluated. Roots 1-4 are on the branches leading to taxa D, R, A, and F, respectively. Roots 5-8 are within taxa D, R, A, and F, respectively. And root 9 is within the central branch of the E, F, and G trees. Parsimony scores for each of the 243, 3 5 , possible rooted trees are presented in figure 3. Excluded and allowed roots are color coded as follows: roots in red (dark) are excluded, roots in yellow (light) are allowed, and roots in black are allowed, see Supplementary Analyses, Section S3, Supplementary Material online. The 9 possible combinations of character states for archaeal Hsp70 and MreB sequences are displayed in the 3 3 3 subarray at the lower right of the figure.
Indels can exclude a root with more statistical support than is commonly thought because 1 indel set can represent more than a million phylogenetically informative indel quartets. In practice, the effective number of independent quartets is considerably less because indel quartet sequences are correlated by an underlying tree structure. In Section S5 (Supplemental Analyses and Alignments, Supplementary Material online), we calculate the correlations from the sequence variation within the indel-flanking regions and determine that the Hsp70/MreB indel is significant at the P , 0.005 level.
Of all 9 roots, only the root within the doublemembrane eubacteria, root 5, is excluded in all 27 combinations of character states and unknown tree topologies. Other roots are excluded by some combinations of trees and character states, for example, roots 1, 2, and 6, and allowed by other combinations. But only root 5, located within the double-membrane prokaryotes, is excluded by all combinations. These results are summarized in figure 4 , together with results from a previous indel study excluding the root from within the Archaea (Skophammer et al. 2006 ).
Discussion
It might seem surprising that the Hsp70/MreB analyses overwhelmingly rejected all roots within the doublemembrane prokaryotes, even though not a single archaebacterial sequence was used! The reason that archaebacterial sequences were not needed is related to the fact that indel analyses exclude roots from regions, rather than provide positive evidence that a particular root exists. This ''topdown'' property allows one to exclude roots from recent organisms, even when the data cannot exclude possible roots that are lower down in the tree.
In fact, the top-down property of indel rooting is exactly what is required for finding roots. Imagine, for a moment, that archaebacteria had not yet been discovered, even though they were alive on earth. In that case, in order to root the tree of life, one could only search for a root within the eubacteria because in this example no other prokaryotes were known. Once a unique root was found by exclusion, that Cenacestor (Fitch and Upper 1987) would have been useful for understanding the evolution of known life on earth. Imagine now what would happen if the archaebacteria were discovered! Because this was a top-down rooting, all of the previous work done to exclude the root from the eubacteria would still be useful and valid. But the discovery of archaebacteria would create new potential root locations. Thus, one can see the underlying role of top-down analyses. These new alternatives, and only the new ones, would have to be excluded in order to again obtain a unique root. Because roots are found by exclusion, any root once excluded will remain excluded forever even if new, fundamentally different types of life are found. Returning to the present, but viewed from this perspective, the Hsp70 studies did not, and could not, exclude the root from within the Archaea, or provide phylogenetic information about them because no Hsp70 sequences from them were utilized. But the studies could, and did, exclude the root from within the double-membrane prokaryotes.
Knowing that the root is outside the double-membrane prokaryotes does not greatly constrain the root locations, but it is an interesting start. Remaining potential locations for the root are within the Firmicutes, within the Actinobacteria, on the branches leading to the double-membrane prokaryotes, the Actinobacteria, the Firmicutes, and the Archaea, and within the 3 possible internal branches linking these 4 taxa. The traditional root on the branch leading to the Archaea (Gogarten, Rausch, et al. 1989; Iwabe et al. 1989) is not excluded by the Hsp70 results.
From this perspective, we can now reassess the controversy over the interpretation of the Hsp70 indel. In essence, both research groups were correct because they were focusing on different aspects of the indel. Philippe et al. (1999) correctly asserted that the indel data did not imply that the archaebacteria were more closely related to the Gram-positive eubacteria than they were to any other group. Gupta (1999) , on the other hand, interpreted the indel data to imply that the double-membrane organisms were a derived group.
Although the question could not be decided in the absence of top-down analyses, in fact, the exclusion of the root from the double-membrane prokaryotes does not contradict either view. In the unresolved tree shown in figure 4, 9 rooted relationships are possible, and the archaebacteria are the sister taxon to the double-membrane prokaryotes in several of these. In other words, the indel does not demand that the archaebacteria be the sister taxon of the Grampositive prokaryotes. Gupta on the other hand was equally correct in thinking that the data might exclude the root from within the double-membrane prokaryotes. Thus, both points of view were reasonable.
Although this study is primarily focused on developing a new method of indel analysis, the results obtained here are not without import. The double-membrane prokaryotes are an enormously successful group of eubacteria broadly distributed across the face of earth. They are characterized by an outer membrane that surrounds an inner peptidoglycan layer and an inner cytoplasmic membrane (not to be confused with the nonhomologous double-membrane arrangement surrounding the archaebacterium, Ignicoccus [Rachel et al. 2002] ). It has been proposed by others (Cavalier-Smith 2002 ) that the root is within the doublemembrane prokaryotes because it would be evolutionarily impossible to evolve a double-membrane prokaryote from a single-membrane prokaryote. However, an analysis of Hsp70 indel variants based on correlations provides strong FIG. 4 .-A summary of the possible locations for the root of the prokaryotic tree of life. The relevant 4 prokaryotic taxa, representing known prokaryotic diversity, are the double-membrane eubacteria (D), the eubacterial Firmicutes (F), the eubacterial Actinobacteria (A), and the Archaea (R). The 2 regions from which the cenancestral population is excluded are shaded. They correspond to the double-membrane prokaryotes, this study, and the Archaea (Skophammer et al. 2006) . The last common ancestors of each group are represented by the dots within the shaded areas. Because the topology relating these 4 groups is unknown, no phylogenetic significance should be attached to the relative placement of these 4 taxa within the figure. Based on these analyses and other considerations related to the molecular architecture of the double-membrane arrangement discussed here, we propose a superphylum, to be known as subdomain Didermataea subdom. nov. (sensu stricto Gupta [1998] ), consisting of all eubacterial prokaryotes surrounded by a closed system of inner and outer membranes.
statistical support, P , 0.005, for excluding the root from the double-membrane prokaryotes, clearly indicating that it is not within the double-membrane prokaryotes, see section S5 in Supplemental Analyses and Alignments, Supplementary Material online for statistical details.
Derivation of the double-membrane arrangement from single-membrane prokaryotes fits well with the general knowledge that the outer membrane greatly complicates many processes that are much simpler in single-membrane prokaryotes. For example, the process of flagellar assembly is considerably more complex in double-membrane prokaryotes than in single-membrane prokaryotes (Macnab 2003) . In double-membrane prokaryotes, the process requires the construction of novel flagellar rings, the L and P ring assemblies, in addition to the M and S rings associated with the cytoplasmic membrane in both single-and doublemembrane prokaryotes. The L and P rings, associated with the outer membrane and the peptidoglycan layer, respectively, permit flagella to pass through the outer membrane. In addition, other design changes are required to accommodate transport across the double-membrane arrangement. Special ATP-binding casette transporters differing considerably from those present in single-membrane prokaryotes, for example, are used to facilitate the uptake of vitamin B 12 in double-membrane prokaryotes (Locher et al. 2002) . Numerous molecular synapomorphies in addition to the Hsp70 indel correlate with the presence of the double membrane, including an indel present in the beta subunit of DNA-dependent RNA polymerases (Morse et al. 2002) as well as many others directly related to the double membrane like those noted above. Although they cannot confirm the direction of the root, they independently validate the phylogenetic significance of the Hsp70 indel. These results emphasize the importance of the novel evolutionary events that resulted in the doublemembrane prokaryotes. Clearly, this innovation has produced one of the largest and most broadly distributed groups of prokaryotic life found on the face of earth.
Top-down rooting also makes it possible to analyze data from incomplete gene sets. We estimate that this algorithm may considerably increase the number of root informative data sets. Because indel sets require 2 paralogous gene sets, the probability of finding a useful indel pair increases as the square of the number of useful sets. In an analysis of 8 genomes spanning the prokaryotic tree of life with a median genome size of 2,500 genes per taxon, there were about 400 genes present in all taxa, approximately 350 genes present in all but 1 taxon, and about 300 genes present in all but 2 taxa (Rivera and Lake 2004) . Using these numbers as a guide, if one were to accept an average of 1 missing taxon in a 7-taxon ortholog/paralog set, then the number of useful ortholog sets would nearly double and the total number of available ortholog pairs would increase by 350%. If an average of 2 missing taxa were acceptable, as in this Hsp70 study, then the total number of available ortholog/paralog sets would increase by 700%. Because many of the 400 ubiquitous genes appear to be compromised by gene transfers, the increase in the number of usable gene sets is probably considerably larger.
One of the principal advantages of top-down indel analyses is that they allow one to analyze with considerable certainty indel data that, even though present in all taxa, are so ambiguous that they previously would have been thought to be useless. Thus, top-down analyses have the potential to increase both the robustness of indel-rooting studies and the number of useful data sets.
Finally, we need to ask what data might argue against these analyses. Certainly, gene transfers between phylogenetic groups can present significant difficulties (Doolittle 1999) . In fact, the proposed Hsp70 gene transfers between the Gram-positive eubacteria and archaebacteria (Philippe et al. 1999 ) stimulated this paper. Because Hsp70 indel transfers between double-membrane eubacteria and singlemembrane eubacteria may confound these analyses, we estimated gene transfer rates by counting the numbers of exceptions within the double-and single-membrane prokaryotes; for details, see Supplementary Analyses and Data, Table S2 , Supplementary Material online. The distribution of indels was consistent with relatively few gene transfers between these 2 groups. The Hsp70 insert is present in 98.0% of the double-membrane, Gram-negative sequences and in 2.6% of the single-membrane, Gram-positive sequences. Conversely, the Hsp70 gap is present in 2.0% of the double-membrane sequences and in 97.4% of the single-membrane sequences. We interpret these figures to indicate that gene transfers between Gram-negative and Gram-positive eubacteria have affected 2-3% of the sequences. This level of gene transfer seems to be tolerable and probably would not have significantly affected the conclusion that the root of the tree of life is not within the double-membrane prokaryotes.
We are optimistic that top-down indel rooting has great potential to improve the reliability with which existing indel gene sets can be analyzed. They may also be useful for studying eukaryotic relationships, even when the relevant genes from some taxa may not be available. And finally, we anticipate that they may increase the number of available indel sets considerably beyond those presently available.
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